Electromagnetic Structure of the p Meson in the Light-Front Quark Model 
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We investigate the elastic form factors of the p meson in the light- front quark model(LFQM). 
With the phenomenologically accessible meson vertices including the one obtained by the Melosh 
transformation frequently used in the LFQM, we find that only the helicity 0^0 matrix element 
of the plus current receives the zero-mode contribution. We quantify the zero-mode contribution 
in the helicity 0-^0 amplitude using the angular condition of spin-1 system. After taking care 
of the zero-mode issue, we obtain the magnetic(/i) and quadrupole(Q) moments of the p meson as 
p, = 1.92 and Q = 0.43, respectively, in the LFQM consistent with the Melosh transformation and 
compare our results with other available theoretical predictions. 



I. INTRODUCTION 
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there has been much theoretical 
to study the so called "zero- 
131 114L Il5j contribution to the elastic 
and weak form factors for spin-0 and 1 systems in light- 
front dynamics(LFD). The zero-mode is closely related to 
the off-diagonal elements in the Fock state expansion of 
the current matrix. In particular, the zero-mode contri- 
bution to the form factor F{q^) can be characterized by 
the nonvanishing contribution from the off-diagonal ele- 
ments in the —t limit, where is the longitudinal 
component of the momentum transfer q{ q^ = q'^ ± q^ , 
q^ — q^q^ — q'^). In the absence of zero-mode, however, 
the hadron form factors can be expressed as the convo- 
lution of the initial and final LP wave functions; namely, 
the physical result can be obtained by taking into account 
only the valence contribution or the diagonal elements in 
the Pock state expansion. 

In this work, we analyze the zero-mode contribution to 
the elastic form factors of the p meson using the LP con- 




in predicting various clectroweak properties of light and 
heavy mesons compared to the available data. In our pre- 
vious LPD analysis 6] of spin-1 electromanetic form fac- 
tors, we have shown that the zero-mode complication can 
exist even in the matrix element of the plus component 
of the current. Using a covariant model of spin-1 sys- 
tem with the polarization vectors obtained from the LP 
gauge(e£ = 0), we found that only the helicity zero-to- 
zero amplitude, i.e. {h' , h) = (0, 0), can be contaminated 
by the zero-mode contribution. However, our conclusion 
in 1^ was based on the use of a rather simple vector me- 
son vertex P'^ = 7^. The aim of the present work is 
to explore our findings in the more phenomenologically 
accessible p meson vertex(see Eq. This includes 

the case of the p meson vertex obtained by the Melosh 
transformation frequently used in the LPQM. 

Recently, Jaus 0, Q proposed a covariant light-front 
approach that developes a way of including the zero- mode 
contribution and removing spurious form factors propor- 
tional to the lightlike vector Lo^^ = (1, 0, 0,-1). Using the 



LPQM vector meson vertex that we include in this work, 
the author in Q concluded the existence of a zero-mode 
in the form factor i^2(Q^) of a spin-1 meson. Although 
his calculation was performed in a covariant way not us- 
ing the helicity components, the form factor F2 is related 
with the matrix element of (/i', h) = 0)-component of 
the current(see Eq. (2.6) in 0) as well as (/i', h) — (0, 0) 
component. Thus, his result indicates that both helicity 
(-f,0) and (0,0) amplitudes receive the zero-mode con- 
tribution. In the present work, we do not agree ^ with 
this result but find the zero-mode contribution only in 
the helicity {h',h) = (0,0) amplitude. This result is 
quite significant in the LPQM phenomenology because 
the absence of the zero-mode contamination in the he- 
licity (-l-,0) amplitude can give a tremendous benefit in 
making reliable predictions on the spin-1 observables as 
we present in the example of the p meson. Our work 
should be intrinsically distinguished from the formula- 
tion involving w, since our formulation involves neither 
Lu nor any unphysical form factor. 

The paper is organized as follows. In Sec. II, we 
present the Lorentz-invariant electromagnetic form fac- 
tors and the kinematics for the reference frames used in 
our analysis. We also discuss the LP helicity basis, the 
angular condition for spin-1 systems, and the two par- 
ticular prescriptions used in extracting the physical form 
factors. In Sec. Ill, we present our LP calculation vary- 
ing the vector meson vertex. We employ both the man- 
ifestly covariant model vertex(beyond the simple model 
of P'^ = 7^) and the LPQM vertex consistent with the 
Melosh transformation. We discuss the LP valence and 
nonvalence contributions using a plus component of the 
current and show that only the helicity zero-to-zero am- 



^ We encountered previously a similar situation of disagreement in 
the zero-mode contribution to the Ai(or /) form factor for the 
transition between pseudoscalar and vector mesons. However, 
after the compleletion of the work |3 , the author of Ref. |3 in- 
formed us in a private communication that he completely agrees 
with our results due to the identity Eq. (3.33) of Ref. |3. 
Nonetheless, the communication on the spin-1 elastic form fac- 
tors presented in this work has not yet been made. 
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plitude receives zero-mode contribution for the employed 
meson vertices. In Sec. IV, we present our numerical 
results for the physical quantities of the p meson using 
the LFQM and compare our results with other available 
theoretical predictions. Conclusions follow in Sec. V. In 
Appendix A, we summarize our results of the trace calcu- 
lations for various helicity components used in our form 
factor calculations. 



II. ELECTROMAGNETIC STRUCTURE OF 
SPIN-1 SYSTEM 

The Lorentz-invariant electromagnetic form factors 
Fi{i = 1,2,3) for a spin-1 particle are defined j23| by 
the matrix elements of the current between the initial 
\P, ft,) (momentum P and helicity h) and the final |P', h') 
eigenstates as follows: 

{P\h'\J^\P,h) - -el,-eH{P + PrFi{Q^) 



2Af2 



-{P + P'TFzm. (1) 



where q — P' — P and e/i[e/i'] is the polarization vector 
of the initial [final] meson with the physical mass M^. 
We analyze the matrix elements in the Breit frame ( 
= 0^ = Q, and = -P'^) defined by [H 

i2Sl2lllD,lail 



9" 



(0,0, Q,0) 



{M^Vi + K, M„VTT^, -(3/2, 0) 

P'^ = {M,VTT^,M,Vm^,Q/2,0), (2) 

where k — Q"^ /AM^ is the kinematic factor. Here, we use 
the notation p = (p'^ , p~ , , p^) and the metric conven- 
tion = p^p~ — p\ with p^ = p° ±p'^. 

Following Bjorken-Drell convention we work with 
the circular polarization and spin projection h — ± =ti- 
With e^{p, ±) = from the LF gauge Jj, the polarization 
vector is given by 



The covariant form factors of a spin-1 hadron in Eq. 
can be determined using only the plus component of 
the current, /,^,J0) = {P' ,h'\Jf\P,h). As one can 
see from Eq. (^), while there are only three indepen- 
dent (invariant) form factors, nine elements of /^^(O) can 
be assigned to the current operator. However, since the 
current matrix elements ^v;j(0) must be constrained by 
the invariance under the LF parity and the LF time- 
reversal, one can reduce the independent matrix ele- 
ments of the current down to four, e.g. /^_|_,/^_ 



and /+ 



' ^-1-0 



ial20|,|28|,|29|,|30|. The angular momentum con- 
servation requires an additional constraint on the current 
operator, which yields the so called "angular condition" 
A(Q2) given by 



A(Q2) = (l + 2K)/^ 



- V8i^I+„ - 1+ = 0. 



(5) 



Because of the angular condition, only three helicity 
amplitudes are independent as expected from the three 
physical form factors. However, the relations between 
the physical form factors and the matrix elements 7,^,^ 
are not uniquely determined because the number of he- 
licity amplitudes is larger than that of physical form fac- 
tors. So one may choose which matrix elements to use to 
extract the form factors. For example, Grach and Kon- 
dratyuk(GK) ^ used only {h',h) = (+,+),(+,-) and 
(-|-,0), but not the pure longitudinal (0,0) component. 
On the other hand, Brodsky and Hiller(BH) |^ used 
(0, 0), (-I-, 0), and (+, — ) amplitudes considering that the 
(0,0) component gives the most dominant contribution 
in the high momentum perturbative QCD(pQCD) re- 
gion. Chung, Coester, Keister and Polyzou(CCKP) p9l | 
involved all helicity states, i.e. (-I-, (0, 0), (-I-, 0), and 
(+,—). Among these various choices, we present GK 
and BH prescriptions for the comparison purpose in this 
work. In practical computation, instead of calculating 
the Lorentz-invariant form factors Fi{Q^), the physical 
charge(Gc), magnetic(GM), and quadrupole(GQ) form 
factors are often used. The relation between F' s and G's 
are given by 



e'^(p,±)=(0,^^i%l:^,e^(±)), (3) 



which satisfies p ■ e(±) — with e'_L(±) — =f1/\/2(1, ±i). 
Effectively, the initial and final transverse(ft = ±) and 
longitudinal (/i — 0) polarization vectors in the Breit 
frame are given by 



e^(P,±) 
e''(P,0) 

6''(P',±) 

e^(P',0) 



1 



' - ' ' P+ ' 2 ' 



(4) 



Gc 
Gm 
Go 



= Pi + -kGq, 

= Fi + F2 + {1 + k)F3. 



(6) 



The physical form factors (G^, Gm, and Gg) in terms of 
lements 7^,^ for GK £ 

are given by 



the matrix elements 7^,^ for GK and BH prescriptions 



Gg^ 



1 



2P+ 
2 

2P+ 
1 

2P+ 



3 



4k It 



+0 



1 



/2k 



:I1 



/2k 

. Il 



++ 



2k 



(7) 
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and 



^BH 



2P+(1 + 2k) 



2P+(1 + 2k) 
-1 



, 16 Ito 
^—^00 + y« 



2k 



;(2«-i)/^ 



'00 



/2k 



2P+(1 + 2k) 



r - 2- 

^00 ^ 



1 + K 



(8) 



condition given by Eq. Q for the physical form factors 
to be independent from the prescriptions (GK or BH). 

At zero momentum transfer, these form factors are 
proportional to the usual static quantities of c harge e , 
magnetic moment /i, and quadrupole moment Q p^l3lj|: 



sGc(0) = e, eGM(0) = 2M,M, eGgiO) ^ M^Q. (9) 



■ ^ — In principle, these physical form factors are also related 

to the structure functions A{Q'^), B{Q^) and the tensor 
Of course, the matrix elements must fulfuU the angular polarization T20 's^: 



J 



Gi 



M 



2 , 
\/2 3«^G(- 



-K^G^, i3(Q2) = -K(l + K)Gi„ 
^GqGc + [1/2 + (1 + k) tan2(0/2)]G 



M 



A + Btan2(6i/2) 



(10) 



r 



III. MODEL DESCRIPTION AND 
CALCULATION 

As we have shown in our previous work the form 
factors of a spin-1 particle can be derived from the co- 
variant Bethe-Salpeter(BS) model of (3 + l)-dimensional 
fermion field theory. 



The covariant diagram shown in Fig.^a) is in general 
equivalent to the sum of LF valence diagram (b) and 
the nonvalence diagram (c), where a — P'^ / = 1 + 
q^/P^. The electromagnetic (EM) current of a 

spin-1 particle with equal constituent (m — niq = rriq) 
obtained from the covariant diagram of Fig.^^a) is given 
by 



SAik-p)si:,^SA{k-p') 



(27r)4 [{k - Py - 



ie\[k'^ — mn? 



ie\[{k-P'Y - 



■ ie\ 



(11) 



where is the number of colors and g is the normaliza- 
tion constant modulo the charge factor Cg which can be 
fixed by requiring the charge form factor to be unity at 

= Q. In Ref. (6(|, we replace the point photon- vertex 7** 
by a nonlocal smeared photon- vertex Sa{P)^''''Sa{P') to 
regularize the covariant fermion triangle loop in (3-1-1) 
dimensions, where S\{P) = A^/(P^ — A^ -I- ie) and A 
plays the role of a momentum cutoff similar to the Pauli- 
Villars regularization. 

The trace term S^^,i^ of the quark propagators in 
Eq. l(TT|l is given by 



Si:,H = (4')aTr[r"(/ + m)r{^ + m)T^'{^ + m)]{e,,)0, 

(12) 

where p — k — P,p' — k — P' and r''(r") is the spinor 
structure of initialffinal) state meson-quark vertex. In 
our previous work [g , using a rather simple meson vertex, 
p/i _ rytJ.^ showed that only S'^Jq receives zero- mode 



contributions. 

The purpose of the present work is to go beyond the 
simple vertex, F^ =7'^, and analyze the zero- mode con- 
tribution to sec if the same conclusion (i.e. zero-mode 
only in Sqq) can be drawn. For this purpose, we extend 
the meson vertex to the more general one, which has been 
used for the phenomenology: 



r/3 



{2k - Pf 



{2k - P' 



(13) 



While in the manifestly covariant model, D and D' may 



4 




FIG. 1: Covariant triangle diagram (a) is represented as the sum of LF valence diagram (b) defined in < fc+ < P+ region 
and the nonvalence diagram (c) defined in < fc"*" < P'^ region, where a = P''^ jP^ = 1 + / P'^ . The large white 
and black blobs at the meson-quark vertices in (b) and (c) represent the ordinary LF wave function and the nonvalence wave 
function vertices, respectively. The small white blobs in (b) and (c) represent the (on-shell) mass pole of the quark propagator 
determined from the fc~ -integration. 



be written as Isllsl ^ 



i'cov = —{k-P + M^m-ie), 

iVly 



in the standard LFQM they are given by 



(14) 



D 



LFQM 



x{l — x) 



2m = Ml 



Oi 



2m, 



LFQM 



/ to2 -I- kl I 

-^^—lL + 2m^Mof + 2m, (15) 



where x' = x/a, a = P'^ / P^ = 1 + /P^ (i.e. x' — x 
in 5+ = frame) and 

X x' 

= + -q_L, k/^ = - yqx. (16) 

We note that the LF meson vertex(Eq. \i'Ji\ ) with I?lfqm 
given by Eq. H15|) can be obtained by the standard LF 
Melosh transformation The equivalence between 

Dcov(£'cov) in Eq. ^ and £'LFQM(i^LFQM) in Eq. ^ 
can be established only in a very limited case, e.g. zero 
binding energy limit. My = Afg. 

As we have shown in our previous analysis, with 
a rather simple but manifestly covariant meson 
vertex(r^ = j^) 0,0], we can in principle duplicate both 
the manifestly covariant calculation and the LF calcula- 
tion to check which form factors are immune to the zero- 
mode. However, as we have also shown in Refs. 0,0) we 



In a brief presentation of Ref. |34j. the authors indicated that 
they investigated the rho meson form factors using Eq. I14i . 
However, the detailed explicit calculations have not yet been pre- 
sented. Moreover, the result shown in Ref. 1341 was based on the 
instant-form polarization rather than the light-front polarization 
so that the direct analysis of light-front helicity amplitudes as 
discussed in this work has not yet been presented. 



can directly check the power counting of the longitudinal 
momentum fraction in the trace term to find out explic- 
itly which helicity amplitude has the zero-mode contri- 
bution. No matter which way we check, the results are 
the same. In this work, we follow the latter procedure 
to check each helicity amplitude and show explicitly that 
both phenomenologically accessible meson vertices given 
by Eqs. H14|) and (|15|l lead to the same conclusion, i.e. the 
zero-mode contribution exists only in the helicity zero-to- 
zero amplitude. 

Before we proceed, we first summarize our result of the 
trace term for the '-f '-component of the current. Then, 
we separate the valence contribution from the nonvalence 
contribution and take the —^ limit of the nonvalence 
contribution to analyze the zero-mode in each helicity 
amplitude. 



A. Trace Calculation 

From Eqs. 112|l and 113|) . we obtain the trace term for 
the '+'-component of the current as follows 

^h'h 

= (e^)„Tr[r"(/ + m)^+i^ + m)T^i^ + m)](e;,)0, 
= Tr[^,(/ + m)7+(:^ + m) 4(/^ + m)] 
eh - (2fc-P), 



D 

el, ■ {2k - P'] 



-Tr[^,,(/ + m)7+(|* + m){^ + m)], 
Tr[(/ + m)7+(^ + m) ^h{l^ + m)], 



D' 

el, ■ {2k - P') 6, ■ {2k - P) 
D' D 

xTr[(/ + ■m)'j+{^ + m){^ + m)], 

_ C+ _ <?+ _ Q+ 4-1?+ 
^ '-'ih'h '~'2h'h '-'Sh'h ' '^ih'h' 

Using the following identity 



(17) 



1 



m 



™)+27 (P -Pen), (18) 



we separate the trace part for each S^^,f^{i = 1,2,3,4) 
into the on-mass shell(i.e. = or p~ = p^^ — {m? + 
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pD/p"*") propagating part, (5^^/^)011, and the ofF-shell 
part, (5+,Joff, i.e. 5+,^ = Jon + {S^'hU- 
The on-mass sheh parts (5j^/^)on are given by 

iSih'h}on = Tr[^,(^^„ + m)7+(^n + m) Mf^on + m)], 



('^2/i'/i)on ~ 



eh ■ (2fcon - P) 

D 

xTr[^, + m)7+(:^on + m)(/^on + m)], 
■ (2fco„ - PQ 
£)' 

e*, . (2fcon - P') e;, . (2fcon - P) 

pi' p 

xTr[(:^;„ + m)7+(:^on + m)(^on + m)], (19) 



and the oflF-shell parts (S',j^j/^)off are given by 
(fc — fcojj 



(^2h'h) 



off 



D 

(fc — k^^) 



2D 



-eh ■ {2k - P) 



(.^th'h)oS 



i^lh'h)otf 



xTr[^^,(^;„ + m)7+(^on + m)7+], 

P' 

xTr[(^;n + TO)7+(^on + to) Mhn + m)] 

+ ^%~f°"^ e^.(2fc-P0 

xTr[(^:,„ + to)7+(:?^o„ + m) ^,,7+], 

i!L-^[etel,-{2k^..^P') 

+elteh ■ (2fco„ - P) + e+e*+{k- - k-J] 
on on + m)] 

+ ^^2P^'^'-(^^"^')'"-(^^~^^ 



xTr[(^o,j + 771)7+ (^on + "^)7^ 



(20) 



In Appendix A, we present the expUcit expressions of 
i'^th'h) terms of LF variables. 

Now, by doing the integration over k~ in Eq. ((TT|l . 
one finds the two LF time-ordered contributions to the 
residues corresponding to the two poles in k^ , the one 
coming from the interval (I) < fc+ < P+ [see Fig. ^h) , 



the "valence contribution" ] , and the other from (II) P+ < 
/c+ < P'+[see Fig.^^c), the "nonvalence contribution"]. 



Valence contribution 



In the valence region of < fc+ < P+ as shown in 
Fig. ^b), the residue is at the pole of k^ — k^^ = [tii'^ -|- 
k]^ — ie]/fc+(i.e. spectator quark), which is placed in the 
lower half of complex-fc~ plane. Thus, the Cauchy inte- 
gration over k~ of the plus current, /^^(0)(See Eq. l(TT)) '). 
in the Breit frame given by Eq. ||2Jl yields 



r+val 

^h'h — 

X 

where 



Nr. 



dx 



16tt^ Jq x{l — x)^ 

I d'kj^U^,k,^)S+^Xf{x,kf^), (21) 



gA' 



{l~x){Mi~Ml){M^-M^^;) 



(22) 



corresponds to the initial state meson vertex function 
with 



l-x 



(23) 



The final state denoted by subscript (/) can be obtained 
by replacing (a;, kj^) with (a;', kf±_) in Eqs. and if^ . 
Since k~ = k~^ in the valence region, (S'^/^)off = and 

^h'h — i^h'h)on- 



Nonvalence contribution and zero-mode in 
q+ ^0 limit 



In the region P+ < fc+ < P'+(= P+ + 9+) as shown 
in Fig. nic), the poles are at /c^ = fc~ = P[~ + [m? -t- 
(kj^ — P'_l)^ — z£]/(fc+ — P'+) (from the struck quark 
propagator) and k^ = = P'^ + [A^ -I- (k^^ - P'±)^ - 
i£]/(fc+ — P'+)( from the smeared quark- photon vertex 
S\{k ~ P')). Both of them are located in the upper half 
of the complex k~ plane. 

When we do the Cauchy integration over k~ to obtain 
the LF time-ordered diagrams, we decompose the prod- 
uct of five energy denominators in Eq. pi|) into a sum 
of terms with three energy denominators (see Eq. (21) in 
Ref. 6]) to avoid the complexity of treating double k" 
poles and obtain 



6 



{MS - M^^){q^ - MIJ (Af2_M2^)(g2_M^j/' ^ > 



where 



M 



AA 



— 



k"14 

x"{l ~ 


-A2 

- x") ^ 


' mm 


x"{l 


k"l + 


A2 

1 


k"i - 








1 - 


.t" ' 


k"l + 


2 

m 


k"l 


+ A2 


x" 




^ 1 - 





with the variables defined by 



1-x 
1 — a 



, k"i = kj 



x" I qj 



(25) 



(26) 



Now, the zero-mode ^ appears if the nonvalence diagram 
does not vanish in q"*" — > limit, i.e. 



lim 



dk+{---)= lim / dx{---) ^0. (27) 



To check if this is the case, we count the longitudinal 
momentum fraction factors in Eq. p4(l . e.g. in the — > 
limit, the 1st term in becomes 



T+z.m. 
^h'h 



lim 



= lim 



dx 



^h'hi^ — ^a) 



1 xx"(x-a)(M2-M2^^)(g^ - 



da;- 



(1-a)' 



A^ 



ML) 
(28) 



where the factor [• • • ] corresponds to the part that is reg- 
ular as — > 0(i.e. a — > 1). Thus, the nonvanishing 
zero-mode contribution is possible only if the longitudi- 
nal momentum fraction of S^,f^{k~) is proportional to 
(1 — x)^* with s > 1. Otherwise, there is no zero- mode 
contribution since the integration range shrinks to zero 
as g"'" ^ 0. Other three terms in Eq. H24() have the same 
behavior as the first term shown in Eq. (|28|l . 

Since we already know that the hclicity zero-to-zero 
component, Sqq, gives a nonvanishing zero-mode contri- 



bution at the level of simple vertex, r+ = 7+ 
need to focus on other helicity components for the vec- 
tor meson vertex given by Eq. In the nonvalence 
region(P+ < A:+ < P'"*"), since the LF energy poles, 
and fc^^ , are proportional to fc~ ~ 1/ (l—x), we know that 
the £)-terms of covariant and LFQM vertices in Eq. p3f) 
behave as 



we 



1 



-Dlfqm 



1 



by counting only the singular longitudinal momenta in 
the a l(i.e. x ^ 1) limit. We also note that the 
invariant mass in the Ulfqm for the initial state vector 
meson has to be replaced by 



-t- ki_L TO^ 



X 

+ k,; 



1-X 

a;- 1 



(30) 



in the nonvalence region(a; > 1) since the initial 
state vertex becomes the non-wavefunction vertex i4jj (see 
Fig. 1(c)). Nevertheless, the power of the singular term 
in 1 — a: given in Eq. H29|l remains the same. Now, 
from the explicit forms of the trace terms 5",^;^ given 
in Appendix A, we could determine the existence/non- 
existence of the zero- mode for each helicity component. 
Regardless of using covariant or LFQM vertices, we find 
that there are no singular terms in 1/(1 — x) for the he- 
licity (++,H — ! +0) components. The most problematic 
term regarding on the zero- mode was found to be the 2nd 
term (5'^Q)off given by Eq. (|A6|) . which is proportional 
to {k" — k^^)/D. While {k" — fc^J/£>cov. is regular in 
1/(1 - x), (fc- - fc„- )/i^LFQM - ^l/{l -x), i.e. S+o it- 
self shows singular behavior in a — > 1 limit for the LFQM 
vertex. However, from Eq. (|28|l . the net result of the zero- 
mode contribution to for D ~ -Dlfqm is shown to 
be zero because 



r+z.m. 

^+0 



lim 



1 



lim 

a- 

0, 



1 ./„, (1 — a) ' '\j \ — X 



1/0 ^{l-a){l~z) 



(31) 



where the variable change x = a + {1 — a)z was made 
and the term [• • • ] again corresponds to the regular part 
in (7+ ^ limit. For helicity (00) component, the zero- 
mode contribution comes from (>5'^Q)off for both D = 



Dcov and Di^pQuisee Eq. (jAS))). 

Thus, as in the case of Dirac coupling F^ 



7'^, we 

find that only Iqq receives the zero-mode contribution 
for the more general vertex structures given by Eq. H13|l 
with Dcov. and Clfqm- Accordingly, we can compute the 
electromagnetic structure of the spin-1 particle using only 
the valence contribution as far as Iqq is avoided(e.g. GK 
prescription). Moreover, we may identify the zero- mode 
' contribution to Iqq using the angular condition given by 



7 



Eq. ®, 



^00 



= (i + 2K)r 



+val 



I, 



+val 



(32) 



in the (7+ = frame with the LF gauge e|{l = 0. 

Thus far, we rehed on the generaUzation of the me- 
son vertex(Eq. 1)131) ) while we kept the use of smeared 
photon- vertex as adopted in Ref. ,6j . Although the spin- 
orbit part of the LFQM can be incorporated by this gen- 
eralization, the radial part of the LF wavefunction given 
by Eq. H22|l may serve only semi-realistic calculation of 
physical observables as disscussed by others 0, H^l • For 
the more realistic calculation, one may need to replace 
the LF radial wavefunction by the one which has much 
more phenomenological support. For this purpose, we 
may utilize the LFQM presented in Ref. [23|, which has 
been quite successful in predicting various static proper- 
ties of low lying hadrons. Comparing x in Eg. (|21|l with 
our light-front wave function given by Ref. |23| , we get 



20 40 60 80 100 



X.(x,k.^) = y — ^^^^^^0(x,k.^), (33) 

where the Jacobian of the variable tranformation k = 
{kz,k±) {x, k±) is obtained as dkz/dx = Moi/[42;(l — 
x)] and the radial wave function is given by 



FIG. 2: The angular condition given by Eq. (O or 1)32^ in 
the Breit frame, i.e. A(Q^) = Iq™- Note that the zero-mode 
contribution is necessary to satisfy the angular condition even 
at = 0, where A(0) = --0.65 in our model calculation. 



^(k^ 



1 



713/2/3= 



which is normalized as 



/ 



dx / d k I 



contribution. It has been shown in Ref. [33 that the ad- 
ditive model for the current operator of interacting con- 
stituents is consistent with the angular condition only 
■ exp(— k^ /2/32) (34) the first two terms of the expansion of the plus(good) 

current in powers of the momentum transfer Q. Indeed, 
we can show that the zero-mode contribution to Iq(^^'^^ 
vanishes in the zero-binding limit(i.e. — Mq) and 
the angular condition A(0) = in this case. At the 
|0(x,k^)|2 = L g^^g token, we can show that /ti^^^ = /+^^'^^(i.^ 



dx 



(35) 

In the next section, we shall investigate the p-meson elec- 
tromagnetic properties using this model. We should note 
that this replacement of the radial part of the LF wave- 
function cannot alter our conclusion of zero-mode(i.e. 
only in S^f^) because the use of Eq. (|33|l is limited just 
for the valence contribution. 

In summary, the LFQM described above provides the 
calculation of physical form factors with just the valence 
contribution of /,^,^ except the component of {h' , h) — 
(0,0); i.e. 



('^++)on — (S'(jQ)on 



r-l-LFQM 



dx 



2(1- 
kj_L ) 



x) 



d^k 



{X,kf±) 



dk^ 
dx 

Mn,M, 



dx 



(36) 



Thus, in the GK prescription where 1^^ is not used, it 
is easy to verify G^^(O) 
at Q 



0, = 



00 

^+LFQM/2P+ 



= Mi 



(m 



: 1 because 
ki)/x(l - x), 



(5'^_i_)on = 4P+(1 — x)Mq from a straightforward evalu- 
ation using Eq. (|A1|I and {S^_)on = from Eq. (|A3)I . 

However, the BH prescription involves /q'q component 
and Gg^(O) = I+^^'^^/2P+ ^ 1 due to the zero-mode 



~ ^00 (i-^- 
from Eqs. IjAip and at Q = in 

the zero-binding limit. In most previous LFQM analy- 
ses .16, ,J,S. J?fij , the authors used not only the meson ver- 
tex factor given by Eq. (|13|l together with Eq. 115|) but 
also the zero binding energy prescription, i.e. = Mq, 
which is equivalent to replace M„ in e^(P, 0)[e''(P', 0)] 
with Moi[-^o/]- In that case, the angular condition is 
zero at = 0. However, in this work, we showed an 
explicit example which gives A(0) ^ even if the plus 
current is used. In Ref. A(0) + was also shown. 
Thus, the zero-mode contribution is in general necessary 
even at — q for the /(^ amplitude. 



IV. NUMERICAL RESULTS 

The model parameters used in our analysis are to = 
0.22 GeV and /3 = 0.3659 GeV, which were obtained 
from the linear confining potential of our QCD-motivated 
effective Hamiltonian in LFQM j23|, as well as = 0.77 
GeV. 

First, we show in Fig. |2] the angular condition A{Q^) 
given by Eq. or Eq. H32|l in the Breit frame defined 
by Eq. In this particular reference frame, A{Q^) 

is equal to the zero-mode from the helicity zero-to-zero 
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TABLE I; Magnetic dipole(/i) and quadrupole(Q) moments 
in units of e/2M„ and ejM^, respectively. 



References 


This work 




[46] 






1.92 


1.83 


2.3 


2.0±0.3 


Q 


0.43 


0.33 


0.45 





component, /q+q'' "'- in Eq. |j22Il- Note that A(g2) ^ o 
even at = 0(See the discussion just before this sec- 
tion.). Unless the binding-energy zero-limit (M„ = Mq) 
is taken, I^q is not immune to the zero-mode even at 
— 0, but it eventually goes to zero as becomes 
very large. 

In Fig. 121 we plot the physical form factors, Gc, Gu, 
and Gq, respectively. The solid lines represent the full 
solutions, i.e. GK prescription in Eq. Q or equivalcntly 
BH prescription in Eq. (jS)) including the zero-mode con- 
tribution to /o+ , i.e. /gV"" = + where I^^ ^^- 

is obtained from Eq. As they should be, the full 

solutions are found to be independent from the choice 
of prescription. The dashed lines represent the valence 
contributions to the form factors in the BH prescription. 
The dashcd-dotted lines represent the zero-mode from 
the helicity zero-to-zero component, which turns out to 
be exactly the same with the difference between solid and 
dashed lines. For the charge form factor, Gc(Q^), we 
found it has a zero around = 5.5 GeV^, which is not 
shown in the figure. Also, the nonvanishing zero-mode 
contribution to Iq^^ at = is apparent in Fig. |31 

We also obtain the magnetic(in unit of e/2My) and 
quadrupole(in unit of e/M^) moments for the p meson 
as 

M = 1.92, Q ^ 0.43. 

Our result for the magnetic moment without involving 
the zero- mode is comparable with /i = 1.83 in Ref. 8] 
and the one in Ref. [Sg , in which the author found /i < 2 
by considering the low energy limit of the radiative am- 
plitudes in conjunction with the amplitude calculated by 
the hard-pion technique. The recent light-cone QCD sum 
rule [39] and the traditional QCD sum rule ^3 reported 
/i = 2.3 ± 0.5 and 2.0 ± 0.3, respectively. We note that 
the author of Ref. ^3 also prefferedu < 2. On the 
other hand, the previous LFQM [i3,|3g and the Dyson- 
Schwinger model 0, ^2 predicted fx > 2. We sum- 
marize in Table m our results of magnetic dipole(/x) and 
quadrupole((5) moments compared with other theoretical 
predictions. 

In Fig.^ we plot the structure functions A{Q'^), B{Q'^) 
and their ratio logio(-B/yl) up to ^ iq GeV^. The 
solid and dashed lines represent the full results and the 
contributions only from the /^""(^ ^m™' +-foo'''"' ) com- 
ponent, respectively. The dominance of helicity zero-to- 
zero amplitude at high region [s^, Q| has been 
discussed in the context of PQCD counting rules and 
the naturalness condition However, the analysis of 
angular condition (i^ reveals that the subleading contri- 



hiitmn T+ ^QCD t+ i t+ ^ t+ ^ ( ^QCP \ t+ 

Dution Q -'00 ana 1^^ ^ ^ I q I ^oo 

are not as negligible as one might naively expect from 
PQCD. Our LFQM results indicate that the dominance 
oHqq is realized inA{Q'^) but not iTLB{Q'^){ov \og{B/A)), 
supporting the significance of the subleading contribu- 
tion discussed in ReL For the magnetic form factor 
Gm{Q^) in Eq. ©, both /(J, and /^q terms contribute 
at the same order and the /^q contribution at large 
region(even at ~ 100 GeV^) is not negligible. This 
explains why we have discrepancies between the full re- 
sults and Iqq dominances for the calculations of B[Q^) 
and logio(5M). 

In Fig. |31 we show the full solution of the tensor 
polarization T2o{Q^) aX, — 20° (dashed line) and at 
9 — 70° (solid line) , respectively. For comparison, we also 
plot the /g^''"" contribution to T2o{Q'^) &t = 20° (dot- 
dashed hue) and &t 9 = 70° (dotted line), respectively. 
The 120 (Q^) results also indicate the non- negligible sub- 
leading contribution even at a rather large region. 



V. CONCLUSION 

In this work, we investigated the electromagnetic struc- 
ture of the p meson in the light-front quark model. The 
two vector meson vertices are analyzed, i.e. the mani- 
festly covariant vertex D — Dcov. and the LFQM vertex 
D — I?LFQM consistent with the Melosh transformation. 
Using the power counting method for each helicity am- 
plitude, we found that only the helicity zero-to-zero am- 
plitude receives the zero-mode contribution regardless of 
D ~ Dcov OT D = -Dlfqm- Other helicity amplitudes 
such as {h',h) = (-I-, -t-), (-I-, — ) and (-l-,0) are found to 
be immune to the zero-mode for both vertices. Our find- 
ing is different from that in Ref. 8], in which the author 
found the nonvanishing zero-mode contribution to the 
helicity zcro-to-plus component as well ^. This is signif- 
icant because the absence of zero-mode contribution in 
/_|'q allows that the pure valence contribution in LFD can 
give the full result of the physical form factors. 

Further, we identified the zero-mode contribution to 
/g^ using the angular condition given by Eq. (|32|l . Our 
result of A((5^) exhibits the nonvanishing zero- mode even 
at = unless the binding-energy zero limit (M„ = Mq) 
is taken. This does not contradict the findings in the ad- 
ditive model for the current operator of interacting con- 
stituents discussed in Ref. Indeed, our calculation 
with D — -Dlfqm for {h',h) = (+, +) and (-1-,—) are 
equivalent to the previous LFQM [isl Is^ calculations 
based on the Melosh transformation. However, our cal- 
culations involving helicity zero polarization vector, e.g. 
{h',h) = (+,0), cannot be the same with the previous 
Melosh-based calculations [TsL Is^ unless the zero bind- 
ing limit My = Mq is taken. Thus, it appears important 
to analyze the difference in the physical observables in- 
cluding the binding energy effects. As we presented in 



9 




Q-[QcV=] Q°[OoVl 



Full Sol. 




FIG. 3: Form factors of the p meson, i.e. charge(Gc(Q^)), magnetic(GM(Q^)), and quadrupole(G'Q((5^)) form factors. The 
solid and dashed lines represent the full(i.e. valence+zero-mode) solution and valence contribution(/(J,^^') contribution to the 
form factors, respectively. The dash-dotted line represents the zero-mode contribution, i.e. full solution — valence contribution. 



this work, our phenomenological LFQM prediction in- 
cluding the binding energy efFect(i.e. M„ ^ Mq) leads to 
jj, = 1.92 < 2, which is rather different from the previ- 
ous results ( At > 2) based on the free Melosh transforma- 
tion [illsllS- 

Finally, our numerical results on B{Q^) and T2q{Q'^) at 
large region support the significance of the subleading 
contribution, e.g. I^q contribution in B{Q^), found from 
the analysis of the angular condition in Ref. [isf . 
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FIG. 4: Structure functions A{Q^), B{Q^), and their ratio logj^o(^^/^)- Solid and dotted lines represent the full results and the 
contributions only from the /(J,''"" = 1+"^' + /+^ ™- component. 



APPENDIX A: SUMMARY OF TRACE TERMS IN HELICITY AMPLITUDES 

In the Breit frame with the LF gauge given by Eqs. |(2J) and the explicit forms of the trace terms in Eqs. H19|) 
and H20|l for each hehcity component are given as foUows. 

(I) hehcity (++)-component: 



('^l++)on 
('^3++)on 



(*S'4*^_l_)on 



4p4 



X 



+ {2x^ - 2a; + 1) ( - —Q^ - ixkyQ 



D 
D' 



(1 - x)k]_ + x{2x'^ -2x + l)Q^ + 2k^Q + 2ikyQ{2x - 1) 



8(1 - x)ki + x(2x^ -2x + 1)Q2 - 2fc^g + 2ikyQ{2x - 1)^ 



DD' 



— —Q'^ - ixkyQ 



(1 - x)iM^, + M^f - 8m2) - xC 



(Al) 
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Full sol. ;U e=70 

r^^,-contribulion ;il e=70" 

Full sol. at e=20" 

— I QQ-contribution at 0=20 



01234567 



FIG. 5: Tensor polarization T2o(Q^) at 9 = 70°(solid line) and 6 = 20°(daslied line). For comparison, we also show the I^J 
dominance at 6 = 70° (dotted line) and 6 = 20° (dot-dashed line) . 



and 



(<S'i"++)off 

(5'^++)off 

{St++)ofl 



{St++)oS = 0, 
^^(l-a=)^(fc--fc-) 



(A2) 



In the nonvalence region where k ~ 1/(1 — a;), f = Dcov. ~ 1/(1 ~ x) and D = Dlfqm ^ i/l/(l — x). Thus, we 



find from the power counting for the longitudinal momentum fraction that all the off-shell trace terms (S,^ 



)ofi' 



1,2,3,4) are regular as 0(or equivalently x 1). Therefore, there is no zero-mode in the helicity (+- 1-) 

component. 

(II) helicity (H — )-component: 



{St+-)on 
on 

('^SH — )on 
(^4++-) 

on 



2P+(l-x)[4(fc^)2-a;2Q2], 

2P+ (^^^ (2fc^ + xQ)[{2x'' -2x+ 1)Q + 4(1 - x)k% 



' [ D' j ~ -2x + 1)Q - 4(1 - x)k^ 

P+ 



DD 



-[A{k^f - x^Q^][{l - x){Ml + Mlf - 8m2) - xQ^ 



(A3) 



and 



{St+-U = -^^^{k--k-Jil-xmk'^r-x'Q']. 



(A4) 



Again, from the power counting for the longitudinal momentum fraction, {S^_^_)of[ is regular as a; ^ 1. Therefore, 
there is no zero-mode in the helicity (-1 — ) component. 
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(III) helicity (+0)-coniponent: 



(^i++o)on = -j^i2k^-xQ)i2x~l){l~x){Ml + M^l 

{S+^oU - -^^(^^yil~x)M^^~-xMM2x'-2x+l)Q + Ail-x)k% 
4P+ f rii\ 

{St+oU = [^-^j {2x ~ 1)(1 - x){mS, + Ml){2k'^ - xQ), 

iSt+o)on = li^^(2fc'' - ~ x)Ml - xMl][{l - x){Ml + Af^^ - Sm^) - xQ^], (A5) 



and 



(5'i'"+o)off - - 

('S'2+o)off = 



(•^3+0)0(1 
(S'4+o)off 



4(P^ 



(A;--fc-)(l-x)(2fc^+a;Q), 



7^ (fc" - fcon)[(2a;' - 2a; + 1)Q + 4(1 - x)k' 



(^-^}j{k- ~k-,^{l-x){2k^ ~xQ), 



xQ'] 



M^V2 \D 

4(P+)2 f 771 

MyV2 

+ - fco„)(l - xf{2k^ - xQ)[{l - x)Ml - xMl] 

+ - k-nf{l - ^)'(2fc^ - xQ). 



(A6) 



From the power counting of the longitudinal momentum fraction in the nonvalence region, we find only (5*^0)0(1 for 
D — I?LFQM shows singular behavior, i.e (5'^g)off ^ ^1/(1 — x) as x ^ 1. However, as we show in Eq. 131() . the 
resulting zero-mode contribution vanishes due to the prefactor involved in the integration. Therefore, there is no 
zero-mode contribution to the helicity (-1-0) component. 



(IV) helicity (OO)-component: 



4P+ 

(^ioo)on = —^x{l~xf{Ml + Ml){M^^+Ml), 

(52+00)on = ^(^^)(2x-l)(l-x)(Afo2^+Aa[(l_^)M2_^^2]^ 

iStmU = ^(^— j(2x-l)(l-x)(A4 + A/2)[(l-x)M2^.-xAf2], 
2P+ 

{SU)on = ]fj2^[(l - - xMl][{l - x)Mlf - xMl][{l - x){Ml -t- A/2^ - Sm^) - xQ^], (A7) 
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and 



{StooU = ^^{k- - k-J[m' + kl- x'qy 4], 

{St,,U = ^^{^yk--k-^){l-x){2x-l){M^,f + Ml) 

-^^{^) - ^o„)(l - - x)Ml - xMl + {k- - k-jP+], 
(StooU = ^^(^^yk--k-J{l-x){2x-l){MS, + M'j 



4(P^ 



^2 



M2 



;^ 1 (fc" - ^o„)(l - - ^)Mif - xMl + (fc- - fc- )P+], 



{StooU = ]^2^(k~ - ^o-n)[(l - x)iM^, + Ml) - 2xMl][{l - x){Ml + - 8m') - xQ'] 

+P+{k- - fc-J[(l - x){MS, + M^) - 2xMl] + {P+)\k- - A;-J2|.(A8) 

From the power counting of the longitudinal momentum fraction, only (5]^g)off is singular for both .Dcov. and -Dlfqm, 
i.e. (<S'^o)off ^ 1/(1 — a;) as a; —> 1, which gives the zero-mode contribution to the helicity zero-to-zero component. 
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